Abstract: Two-dimensional materials have attracted tremendous attention for their fascinating electronic, optical, chemical and mechanical properties. However, the band gaps of most 2D materials reported are smaller than 2.0 eV, which greatly restricted their optoelectronic applications in blue and ultraviolet range of the spectrum. Here, we propose a new stable trisulfur dinitride (S 3 N 2 ) 2D crystal that is a covalent network composed solely of S-N σ bonds.
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The S 3 N 2 crystal is dynamically, thermally and chemically stable as confirmed by the computed phonon spectrum and ab initio molecular dynamics simulations. GW calculations show that the S 3 N 2 crystal is a wide, direct band-gap (3.92 eV) semiconductor with a small hole effective mass.
Introduction
The epic discovery of graphene [1] has inspired the exploration of a whole family of 2D materials, including the 2D insulator boron nitride (BN) [2] [3] [4] , graphene analogues of group IV elements, i.e. semimetallic silicene, germanene, and stanine [5] [6] [7] [8] [9] [10] [11] , 2D transition-metal dichalcogenides [12] [13] [14] [15] [16] , such as molybdenum disulfide [2, 17, 18] and tungsten disulfide [19] , and very recently, 2D phosphorus, i.e. phosphorene [20] , which extend the 2D material family into the group V. These 2D free-standing crystals exhibit unique and fascinating physical and chemical properties that differ from those of their 3D counterparts [21, 22] , opening up possibilities for numerous advanced applications. For example, MoS 2 , MoSe 2 , and WS 2 are able to achieve one order of magnitude higher sunlight absorption than traditional photovoltaic materials such as GaAs and Si [23] . Two-dimensional materials offer novel opportunities for fundamental studies of unique physical and chemical phenomena in 2D systems [24, 25] .
Over the past decade, tremendous progress has been made in the synthesis of 2D materials.
Nonetheless, the cycles of synthesis, characterization and testing for 2D materials are slow and costly, which inspired the development of computational tools to design or predict new 2D materials, such as the evolutionary crystal structure search [26] [27] [28] and particle swarm optimization (PSO) techniques [29] .
In this work, based on the evolutionary algorithm driven structural search, we proposed a new S 3 N 2 2D crystal that is dynamically, thermally and chemically stable as confirmed by the computed phonon spectrum and ab initio molecular dynamics simulations. GW band structure calculations showed that 2D S 3 N 2 crystal is a semiconductor with wide, direct band gap of 3.92 eV and a small hole effective mass. GW-BSE calculations reveal the anisotropic optical response of the 2D S 3 N 2 crystal.
Results and discussion
We theoretically searched for 2D materials in an unexplored territory: 2D crystals composed of nitrogen and sulfur. A new two-dimensional trisulfur dinitride (S 3 N 2 ) crystal with 3 polymorphs: Figure 1(a) ), β-S 3 N 2 ( Figure 1(b) ) and γ-S 3 N 2 ( Figure 1(c) )) were proposed, based on the evolutionary algorithm driven structural search using USPEX [26] [27] [28] . The geometry optimized S 3 N 2 crystals are shown in Figure 1 . These S 3 N 2 polymorphs are 2D covalent networks composed solely of σ bonds (bonding is depicted by isosurfaces of the electron density). For α-S 3 N 2 (space group Pmn21), the unit cell (see Figure 1 Unless otherwise noted, in the following the S 3 N 2 crystal is referred to the α-S 3 N 2 crystal.
Even though all phonon frequencies of the S 3 N 2 ensure dynamic stability, the optimized structure may correspond to a shallow local minimum and therefore may be unstable at a finite temperature. To verify the stability of S 3 N 2 at finite temperature, ab initio molecular dynamics (MD) simulations (shown in Figure 3 ) were performed at the PBE [30] /GTH-DZVP [31] level in the NPT ensemble (the out-of-plane component of the virial is screened, in order to relax the cell only along in-plane axes) us the CP2K [32] code. The simulations were run for 10 ps under 1 atm pressure at temperatures T= 800 K and 1000K, respectively. The stability of S 3 N 2 structure was maintained at 800 K for 10 ps. However, the crystalline structure dissociated into multiple S-N chains and clusters at 1000 K. These MD calculations confirmed that the stability of S 3 N 2 structure holds at least above the room temperature. To further testify the chemical stability of the structure in air, ab initio MD of S 3 N 2 crystal exposed to very high pressure gases (O 2 , N 2 , H 2 O and H 2 ) at temperatures T= 800 K were conducted (Figure 4 ). In our MD simulations, the number density of gas molecules was 73.6 × 10 25 m -3 . Such a high gas pressure were also used to study oxidation of graphene [33] and phosphorene [34] in MD simulations. The S 3 N 2 structure remained intact under these very high gas pressure for 10 ps (Figure 4 ), indicating its chemical stability in air at least above the room temperature.
The bulk S 3 N 2 crystal can be formed by stacking 2D S 3 N 2 crystal, and the unit cell of the S 3 N 2 bulk crystal is shown in Figure 5 (a). The thickness of S 3 N 2 monolayer is 5.06 Å. We also checked the possibility to obtain S 3 N 2 monolayer with a mechanical exfoliation strategy. The separation of a S 3 N 2 monolayer from a neighboring S 3 N 2 tri-layer (inset of Figure 5(b) ) was simulated. The corresponding cleavage energy as a function of separation distance is displayed in Figure 5 (b). The cleavage energy of S 3 N 2 (0.14 J/m 2 ) is smaller than the experimentally estimated value of graphite (0.37 J/m 2 ). [35] The calculated cleavage strength is about 0.59 GPa, which is smaller than the value of graphite (2.10 GPa). That is, the S 3 N 2 bulk crystal is a weakly bounded layered structure. It is known that graphene can be exfoliated into 2D graphene monolayers. With a smaller cleavage energy and a smaller cleavage strength, we expect that S 3 N 2 monolayer can be obtained with a mechanical exfoliation strategy.
The quasiparticle and DFT band structures and density of states of the 2D S 3 N 2 crystal are shown in Figure 6 (a). Calculations carried out using GW method showed that the S 3 N 2 structure is a semiconductor with a wide, direct band gap of 3.92 eV (calculations carried out using PBE functional would underestimate the band gap by 1.90 eV). This is a well-sought characteristic, since most 2D semiconductors reported thus far exhibit band gaps that are smaller than 2 eV. We also computed the effective mass of the electrons and holes (shown in Figure 6 (a)) for the S 3 N 2 structure at the Г point along the Г-X and the Г-Y directions. The effective electron masses were found to be between S and N orbitals shows that S-N interaction is strongly covalent.
By stacking S 3 N 2 into a bilayer, the DFT band gap is reduced by 0.09 eV, shown in Figure 7 .
Furthermore, by stacking S 3 N 2 into 3D S 3 N 2 crystal, the DFT band gap is brought down to 1.81 eV (see Figure 7 ). The S 3 N 2 crystal can also form S 3 N 2 nanoribbons and S 3 N 2 nanotubes, as shown in Figure 8 As a 2D material with a wide, direct band gap, combined with a small hole effective mass, the S 3 N 2 crystal may be an ideal candidate for optoelectronic applications such as ultra-violet lightemitting diodes and semiconductor lasers. Furthermore, the band gap of S 3 N 2 structure can be tuned by stacking into multilayer S 3 N 2 crystals (see Figure 7) , cutting into S 3 N 2 nanoribbons or rolling up to form S 3 N 2 nanotubes (see Figure 8 ), expanding its potential applications.
The intriguing discovery of the S 3 N 2 2D crystal inspired us to explore the possibility of other group V-VI 2D crystals. So far, we discovered another stable group V-VI 2D crystal, P 2 S 3 , an indirect wide band gap semiconductor. It is expected there are more stable 2D crystals in group V-VI with intriguing properties, which will be subjected to future study.
In conclusion, we predicted a new two-dimensional S 3 N 2 crystal with distinctive structures and outstanding properties. Band structures calculated using the GW method indicate that 2D S 3 N 2 crystal is a wide, direct band-gap (3.92 eV) semiconductor with a small hole effective mass. The anisotropic optical response of 2D S 3 N 2 crystal was revealed by GW-BSE calculations. These fascinating properties could pave the way for its optoelectronic applications such as blue or ultraviolet light-emitting diodes (LEDs) and photodetectors.
Method
The ground state structure of these polymorphs was obtained using the evolutionary algorithm driven structural search code USPEX [26] [27] [28] . The S 3 N 2 structures were further geometry optimized with density functional calculations with Perdew-Burke-Ernzerhof (PBE) [30] exchange-correlation functional using the ab initio code Quantum Espresso [36] . Ultrasoft pseudopotentials were used to describe electron-ion interactions, and a plane-wave cutoff energy The convergence test of cutoff energy and k-point mesh was conducted. All structure optimizations were conducted without imposing any symmetry constraints. The conjugate gradient method (CG) was used to optimize the atomic positions until the change in total energy was less than 5 ×10 -6 eV/atom, and the maximum displacement of atoms was less than 5 ×10 -5 Å.
Since the band gaps may be dramatically underestimated by the GGA level DFT [38, 39] , the quasiparticle GW calculation [40] of the band structure was carried out using YAMBO software package [41] . The Green function and Coulomb screening were constructed from the PBE [30] results, and the plasmon-pole model was used for computing the screening. The G 0 W 0 approximation was adopted in carrying out the GW approximation, since it gives very good results for many materials without d electrons [42] . Optical spectra of S 3 N 2 in [100] and [010] directions were calculated using the Bethe-Salpeter-equation (BSE) method [43, 44] with a finer k-point grid of 36×18×1. Only the incident light polarized parallel with the 2D crystal was considered in studying the optical spectra, due to the depolarization effect [45, 46] . 
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